NASA Contractor Report 187462
ICASE Report 90-79

ICASE

A FULLY SINC-GALERKIN METHOD FOR
EULER-BERNOULLI BEAM MODELS

R. C. Smith
K. L. Bowers
J. Lund

Contract No. NAS1-18605
Qctober 1990

Institute for Computer Applications in Science and Engineering
NASA Langley Research Center
Hampton, Virginia 23665-5225

Operated by the Universities Space Research Association

NASA

Nalional Aeronautics and
Space Administration

Langley Research Center
Hamplon, Virginia 23665-5225

N91-13952
Unclas

‘ Final
CSCL 12a

A FULLY SINC-RALERKTN
)

;S p

—BeRNJULLT BEAM MNDEL

(ICASE)

(NASA“CR*}&7452)
METHOD FUR FULER

Report

0317956

G3/64







A FULLY SINC-GALERKIN METHOD FOR
EULER-BERNOULLI BEAM MODELS

R.C. Smith?
Institute for Computer Applications in Science and Engineering
NASA Langley Research Center
Hampton, VA 23665

K.L. Bowers and J. Lund
Department of Mathematical Sciences

Montana State University

Bozeman, MT 59717

ABSTRACT

A fully Sinc-Galerkin method in both space and time is presented for fourth-order time-
dependent partial differential equations with fixed and cantilever boundary conditions. The
sinc discretizations for the second-order temporal problem and the fourth-order spatial prob-
lems are presented. Alternate formulations for variable parameter fourth-order problems are
given which prove to be especially useful when applying the forward techniques of this
paper to parameter recovery problems. The discrete system which corresponds to the time-
dependent partial differential equations of interest are then formulated. Computational issues
are discussed and a robust and efficient algorithm for solving the resulting matrix system is
outlined. Numerical results which highlight the method are given for problems with both

analytic and singular solutions as well as fixed and cantilever boundary conditions.
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1 Introduction

The Sinc-Galerkin method for partial differential equations (PDE’s) has previously been
developed for the model elliptic problem in two and three dimensions [1, 2], the parabolic
problem in one and two dimensions [3, 2], and the second-order hyperbolic problem in one
dimension [4]. The present work extends the method to fourth-order time-dependent prob-
lems with various common boundary conditions. This extension is important for the very
practical reason that the numerical solution of problems in this class is necessary in ap-
plications ranging from the control of large flexible space structures to the development of
robotics designs [5, 6, 7.

For clarity of development, the method will be presented for the linear fourth-order time-

dependent problems
d*u a? 8*u
Lu(z,t) = —67’_(:”’0 33 (EI(m)-(,};;(m,t)) = f(z,t), 0<z<1l t>0
u(0,8) = u(l,£) =0, t>0 (1.1)
%—(O,t) - gg(l,t) =0, t>0

u(z,0) = -(2—1:(:1:,0) =0, 0<z<1

and
Lu(z,t) = f(z,t), O0<z<1 t>0

u(0,t) = &(t), (EIZ—;’;) (1,¢) =F(t), t>0 (1.2)

du (7] 8%u
20.0=B0, = (Ergs)00=F0, t>0
u(z,0) = %(m,O) =0, 0<z<1l

These formulations are generalizations of the equations which arise when using the Euler-
Bernoulli theory to model beams with flexural rigidity EI(z) and fixed and cantilevered
ends, respectively. The general F(t) and §(¢) in (1.2) allow for the inclusion of boundary
controllers. For ease of presentation, the boundary conditions in (1.1) and (1.2) will respec-

tively be referred to as fixed and cantilever conditions throughout the paper. It is noted that



the methods of this work are easily extended to problems with simple and free boundary
conditions with further details given in [8].

The construction of an approximate solution to problems of the form (1.1) or (1.2) com-
monly begins with a Galerkin discretization of the spatial variable with time-dependent
coefficients. This yields a system of ordinary differential equations which is solved via dif-
ferencing techinques. Due to stability constraints on the discrete evolution operator, low
order methods with small time steps are often required to obtain accurate approximations.
In contrast, the method of this work implements a Galerkin scheme in time as well as space.
Because the basis functions are tensor products of sinc functions composed with suitable
conformal maps, the method has the inherent advantage that the study of error analysis and
matrix structure begins at the level of an ordinary differential equation.

The fully Sinc-Galerkin method in space and time has many other salient features due
both to the préperties of the basis functions and to the manner in which the problem is
discretized. First, the judicious choice of a conformal map provides approximate solutions
to (1.1) and (1.2) which are valid on the infinite time interval rather than only on a trun-
cated time domain. Furthermore, the optimal exponential convergence rate is maintained
even in the presence of boundary singularities. Finally, the discrete system requires no nu-
merical integrations to fill either the coefficient matrix or the right-hand side vector. All
three features prove to be advantageous when solving both forward and inverse fourth-order
problems. A drawback to the method is that it produces a full system in contrast to the
banded matrices which are associated with finite difference and finite element methods. In
part, the exponential convergence rate offsets this disadvantage.

The foundations of the Sinc-Galerkin method are described in Section 2. The fundamental

quadrature rule is given, and the exponential convergence rate of this method is stated. A

thorough review of sinc function properties can be found in [9] and [10].

In the next sebtion, the diséfr;i'z:z;tion of the second-order té}nporal and follrtﬂzo;der rspra-
tial operators is outlined. Two schemes for discretizing EI(z) are presented. These two
séhemes aremotlvated on the ongiﬁhlrand by tﬁé'férw_a'rdi problem and on the éthgp Péﬁa by
the inverse problem involving the recovery of EJ (:c),"giv'éh”sérrnpled data. In thg ‘ﬁ:r;;, EI (z)

is differentiated directly, whereas in the second (as motivated by the parameter recovery



problem) EI(z) is replaced by a finite dimensional expansion El,, before differentiation.
Attention is focussed on preserving the method’s exponential convergence rate while dis-
cretizing EI(x) and adapting to varying boundary conditions.

In Section 4, the one-dimensional results from the previous section are combined to yield
methods which very accurately approximate the solutions to the fourth-order time-dependent
problems (1.1) and (1.2). Two equivalent formulations for the resulting discrete system are
presented and a very robust and accurate solution algorithm is outlined.

Numerical results are presented in the fifth section. Of the many examples tested, those
discussed in this section best exhibit the features necessary for the practical implementation
of the Sinc-Galerkin method. The first and second examples illustrate the method as applied
to problems with fixed boundary conditons while the third and fourth examples have can-
tilever boundary conditions. The first and last examples have analytic solutions, the second
example has an algebraic singularity, and the third example contains a logarithmic singular-
ity. The numerical results demonstrate that the exponential convergence rate is maintained

in all four cases.

2 Sinc Function Properties

For the Sinc-Galerkin method, the basis functions are derived from the Whittaker cardinal

(sinc) function

sinc(z) = M, —00 < & < 00
T

and its translates

h
For h* = ¥, three adjacent members of this sinc family (S(k, h*)(z), k = —1,0,1) are shown

S(k, h)(z) = sinc (“" — k") . h>0.

in Figure 1.



S(h*)(x)

0.4
-6

Figure 1. Three Adjacent Members (S(Ic, h*)(z), k= -1,0,1,h* = -’41) of the Translated Sinc
~ Family.

To construct basis functions on the intervals (0,1) and (0, 00), respectively, consider the

conformal maps

#(z) = In (1 z z) (2.1)

and

T(w) = In(w). (2.2)

The map ¢ carries the éye-shaped region

nw
<d 2} ,

ar(z)
‘ql—z

Ds={£=C+in:lnI<dS%}-

DE={z=:z:+iy:

onto the infinite strip

Similarly, the map T carries the infinite wedge

Dwz{w=t+i3:|arg(w)|<d§%}

onto the strip Ds. These regions are depiété& in Figure 2.
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Figure 2. The Domains Dgs, Dg, and Dw.

The sinc gridpoints z; € (0,1) in Dg will be denoted z; since they are real. Similarly, the
gridpoints w;, € (0,00) in D,, will be denoted t;. Both are inverse images of the equispaced

grid in Dg; that is

ekh

2= ¢ (kh) = T

and

ty = T-1(kh) = e**,

To simplify notation throughout the remainder of this section, the pairs ¢, Dg and T, Dw
are referred to generically as x, D. It is understood that the subsequent definition and
theorems hold in either setting. Furthermore, the inverse of x is denoted by .

The important class of functions for sinc interpolation and quadrature is denoted B(D)

and defined next.



Definition 2.1. Let B(D) be the class of functions F which are analytic in D, satisfy
/ |F(2)dz] - 0, t— oo
Y(t+L)
where L = {ia el < d < %}, and on the boundary of D (denoted 0D) satisfy
N(F) = /; _IF(2)dz] < oo.
The following theorem for functions in B(D) is found in [11].

Theorem 2.1. LetT be (0,1) or (0,00) when x = ¢ or T, respectively. If F € B(D) and
z; = Y(jh) = x"(4h),7 = 0, £1,42,..., then for h > 0 sufficiently small

= F(ZJ)

/ F(z)dz—h 3

j=—o0 X ,(ZJ)

Kie=*™d/h, (2.3)

Theorem 2.1 illustrates the exponential convergence rate which is a trademark of sinc meth-
ods. There is a common occasion when it is possible to evaluate the infinite series appearing
in (2.3), namely when integrating against S(k, %) o x. In general, however, the series must
be truncated. With additional hypotheses, it is proven in [9] and [12] that the truncation

need not be at the expense of the exponential convergence.

Theorem 2.2. Assume F ¢ B(D) and that there ezist posztwe constants K,a and B such
that

'E—('r_) < exp(—GIX(T)I)i TE ¢((_°°)0)) (24)
X exp(-Bix(n), 7 € w(lo,00)).
Then for h sufficiently small
/F dz —h iv: F(ZJ) < Kje ~2xd/h + _Iie—aMh + Ee—ﬂNh' (25)
<o X'(z) o g

Theorems 2.1 and 2.2 are used to establish a uniform error bound when building an

approximate solution to an ordinary differential equation (ODE). It should be noted that
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the nature of the class B(D) guarantees that the exponential convergence rate holds for
many differential equations with singular solutions; that is, problems where the solution has
an unbounded derivative on the boundary. By applying the scheme to select second- and
fourth-order ODE’s, one can derive the fundamental matrices comprising the discrete sinc

system for the fourth-order time-dependent problems of interest.

3 Sinc-Galerkin Systems for ODE’s

In this section, the sinc discretizations will be catalogued for the second-order temporal
problem and two different fourth-order spatial problems distinguished by their boundary
conditions. Alternate formulations for the variable-parameter fourth-order problems will
also be given which prove to be especially useful when applying the forward techniques
outlined in this paper to parameter recovery problems.

In order to construct the discrete Sinc-Galerkin system for either the temporal or spatial

problems, the following identities are needed. Let

1, i=
6% =[S(p, k) ox(2))| = ! (3-1)
o 0, i#p,
69 = b |2 5(p, h ; e 3.2
W=[gsenens]| =1 o, (2)
(i-»p) ’
53 = n? [-(%:;S(P, k) ox(z)] = (—?2)’( 1)i-P z.= ’ (3.3)
s (‘L '—P)2 y ¢ #P,
3) d3 0’ i=p
5(”- = A3 [d ——5(p, h) o x(z )] = (—1)-P (3.4)
z=2¢ [6 2(7' - p)z]a 1 # D,

(i-pp



and

Bk =
= . (3.5)
:i(:_lﬂ — 1 —p)%. 3
e A Gt R I

denote the evaluation at the gridpoint z; of the sinc-map compositions and their derivatives

@ _ a2
6P = K | 25 S(0 W) 0 x(2)

2=

with respect to the map x.

3.1. The Spatial Problem: Fized BoundaryvC'onditionfi""'
In [13] a thorough analysls of the Slnc-Galerkln method is given for linear fourth-order
ODE’s with fixed boundary condltlons For purposes of constructmg the sinc dlscretlzatlon

for (1.1), it sufﬁces to review that procedure for

Lu(z) = (El(2)u"(z))" = f(z), 0<z <1
W) =u(l)=0  (36)
w(0) = w/(1) = 0.

Note that the interval (0,1) is for convemence only; adapting the map ¢ (see (2.1)) generallzes
tﬁhe method to any finite mterval (a b).

To deﬁne the Sinc-Galerkin approximation to (3.6), select the basis {S;}}*_,,. where
Si(z) = S(i, he) o $(z) and take the approximate solution to be

u,,._(:!:) = g.: u'Sl'(m): m. = M, "l"Nz + 1. E (37)
r-—M.

The unknown coefﬁcwnts {u,} in (3.7) are determined by orthogonalizing the residual

Lu,, — f with respect to the functions {S, M. This yields the discrete system
(Ltim, — £,55) = 0
for p= —M,, -+, N,. The weighted inner product (+) i taken to be
(ro)= FEGEwE (38)
where
w(z) = W (3.9)

8




For a further discussion concerning the choice of weight, see [13].
Before invoking the quadrature rules, integration by parts is used to transfer the differ-

entiation of u onto S,w, thus yielding the system

[ w(@)BIE S, ay(e))Vde = [ f(@)5@hu(z)ds (3.10)
for p = —M,,---, N;. With the weight choice (3.9), the boundary terms
{(EIu"Y(Spw) - (EIu")(Spw) + w(EI(Spw)') — w(BI(Spw)) Hz) : (3.11)

vanish for essentially all problems of interest.

Two approaches are distinguished by the treatment of the first integral in (3.10). In the
traditional scheme, EI(z) is differentiated directly and the fesulting integrals are approx-
imated via sinc quadrature rules. This scheme is direct and suitable for a large class of
forward problems. The second, alternative, approach is motivated by the parameter recov-
ery problem and differs from the first in that EI(z) is replaced by a sinc expansion, EL,_,
before quadrature is applied. Both approaches then proceed in the same manner whereby
the system is expanded and the resulting integrals are evaluated via Theorem 2.2, or when
possible, Theorem 2.1.

The careful choice of the decay parameters o and 3 in (2.4) provides a means of balancing

the asymptotic errors resulting from the quadrature and hence minimizes the system size.

With regard to (2.4), the condition

Bl F @ <k | =< (03) (3.12)
(1 —z)B, [ 1)

guarantees the decay needed to truncate the infinite quadrature rule. A less general but

more convenient assumption than (3.12) is
|EI(z)u(z)] < Kz>+3(1 — z)P+). (3.13)

With o and 8 specified and M, chosen, the parameter selections

nd
aM,

he = (3.14)



and
N, = |[I—5M, + 1H (3.15)

wdaM-)!'). This rate results from

balance the asymptotic quadrature errors to at least O(e(~
the presence of a sinc function in the integral. In the above, [] denotes the greatest integer
function. Note that if %M, is an integer, (3.15) can be replaced by the selection N, = FM..

The discrete system for (3.6), using the traditional approach, can then be formulated
as follows. Let I9 ¢ = 0,1,2,3,4 denote the m, x m, matrices whose pi-th entry is 6,(,?

from (3.1) - (3.5) and let D(n) be the diagonal matrix with entries n(z_a,), -, n(xn.).

The vector of unknowns # = [u_p,,---,un,]T is then related to the known vector f =

[f(z-m), - f(em,)]T by
A2 =D((¢)H)f (3.16)

where

1

A=

—IWD(ay) + —1(3)1)(.13) %1‘%@,) + -’%—I“)D(al)+l(°)D(ao) . (3.17)

The functions a,(z),£ = 0,1,2,3,4 are given by

_ (EIw)"II 3 (EIIw)III (EI"'LU)"
a0 == e T (3.18)
a;, = 4(EIw)"’+6(EIw)” +4(EI )—"1+Elwl
" m ¢ " (3'19)
_6(EI'w)" — 6(EI'w )"’S _ 2Bl E,—+EI”( )i, + AEI"wY,
a = 6(EIw)"0'+12(EIw) ¢" + 4ETwe" + 3(ElIw )'("5",)2
¢ (3.20)
—6(EI'w)'¢’ — 6EIwg" + EI"w¢,
a3 = 4(EIw)(¢')? + 6EIwg'¢" — 2EI'w(¢')? (3.21)
and
| as = ETw($'). (3.22)

Further details concerning the derivation of the system (3.16) and a thorough spectral anal-

ysis of the component matrices can be found in [13].
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As mentioned previously, the treatment of the first integral in (3.10) yields various pertur-
bations of the method which are advantageous in certain applications. One such application
is the parameter recovery problem where an integral part of most numerical schemes for
solving that problem is an accurate forward solver. With this in mind, the alternative ap-
proach mentioned above is implemented wherein the term EI(z) in (3.10) is expanded as a
linear combination of weighted sinc functions with four Hermite-like algebraic terms. These
terms are added to accommodate the potentially nonzero function and derivative values of
EI at z = 0 and z = 1. Specifically, this parameter basis is taken to be {r}i=_ M, With
b_M_(:z:), k= —M,;
bomi(z), k=-M;+1
¢k(m) = ‘UE(:E)Sk(m), M, 4+2<k<N;-2 (3'23)
by._1(z), k=N,—1

bN,(:z:), k= N,,.

\

Here Si(z) = S(k,hz) o ¢(z) and the basis weight vg is taken to be

vg(z) = w(z) = [2(1 — )]} (3.24)
The algebraic boundary basis functions are given by

b_m,+1(z) = (1 - z)*[22 + 1],

by, -1(2) = 2*(2(1 — 2) + 1],
b_w.(z) = =(1 — z)?
and
by.(z) = —2*(1 — z).

The finite dimensional approximation of EI then takes the form
Ne

El..(z)= ). ai(z). (3.25)

k=-M,

11



The number of basis functions used in the expansion is chosen so as to guarantee a square
coefficient matrix. This is done to simplify the implementation of the method when applied
to the PDE (1.1) of interest.

A quick note should be made concerning the choice of basis and the manner of expand-
ing EI,,,. The two derivative-interpolating boundary basis functions are added so that this
expansion of EI,,_ is the same as that used with cantilever or free boundary conditions. The
choice of (3.24) for basis weight is certainly sufficient and proves to be beneficial when in-
corporating this forward scheme into a numerical method for solving the parameter recovery
problem.

The expansion (3.25) is substituted into (3.10) and the resulting integrals are evaluated
via Theorem 2.2 or Theorem 2.1 when possible. The decay condition (2.4) equates to the

)

(1 -z)P+§, ze (%, 1)

condition

w =

3
s Te (O,

|EZ(z)u(z)| < K (3.26)

where the “homogeneous” part of El 18

£1(2) = E1(z)~ EI(0)b-po1(s) - EI(1)by,1(2) — EF(0)b_sr,(2) — EI'(1)bx.(2). (3.27)

] Therargurnénts leading to this condition are analogous to those presented in the second-order

case as described in [14]. Again, this may be replaced by the more stringent requirement: -

|ET(z)u(z)| < Kzoti(1 — z)P+h,

As before, the asymptotic errors are balanced by choosing h. and N, as specified in (3.14)
and (3.15).
With # and f defined as before and EI expanded, the system for (3.6) using this alter-

native approach can be written as
Asil = D((¢)H)f (3.28)

where

A, = [3D(Fym) + 289D(Fy1y) + 3ID(Fy)). . (3.29)

12



The notation D(Fyy), £ = 0,1,2 denotes the diagonal matrices containing the components

of the vectors
Pato = ¥0E,  £=0,1,2 (3.30)
where & = [c_M.,-n,cN.]'T. The matrices &), = 2,3,4 and ¥(8,¢ = 0,1,2 are defined
componentwise by
(8] = ( )(Spw) W) (3.31)

and

(9O = 9 (z2). (3.32)

The notation on the right-hand sides of (3.31) and (3.32) indicates the j-th and ¢-th deriva-
tives, respectively.

To illustrate the dependence of (), j = 2,3,4 and ¥(0, ¢ = 0,1,2 on previously defined
matrices, the respective expansions are listed below. The diagonal matrices D and the

matrices I(9,£ =0,1,2,3,4 have sizes consistent with the following range of the indices i,p

and k (-M, <1< Ngy -M, <p<N;,-M+2< k<N, — 2). From (3.31) it follows that

) — %I(’)D(ww) + hil“)D(zw’) + 1OD(w"), (3.33)
1
3 = ZE]@)p( w(4' )2) (Z)D(3w'¢ + 3wé") (3.34)
" " m *
$— 1D (3 "+3 "’" w? ) + 10D ("’ )
h WAy vy ¥

and

P — hiIU)»D ( (¢I)3) + _I(a)D (4wl(¢l)2 + 6w¢l¢")

"2
+TI(2)D (6 n¢ + 12w'¢"+4w¢'"+ 3w(¢ ) )

1 () ¢n " ¢m (3'35)
- m " L
+th D(4w + 6w ¢,+4w ¢,+w¢')
o III
+1¢ )D( 7 )
For £ = 0,1,2 the m, X m_, matrices in (3.32) are given by
w0 = (89, 8 i BO B S ) (3.36)

13



where Z_:Y) = [bff)(:n_M.), e ,bﬁl)(mN.)]T for k=-M;,—~M, +1,N, — 1, and N,. Again, the

superscript £ indicates the £-th derivative. The m, x (m, — 4) matrices B() are

B© = D(vg)I®, (3.37)
BW — _El_p(vw’)l(‘) + D(vg)1® (3.38)

and : A
B = %D (ve(8")?) 1) — hiv(vw" + 20" ) ") + D(vp) IO (3.39)

The negative signs that appear in the definitions of B(") and B(® result from the transposing
of IV). Again, it is noted that in (3.37) - (3.39), the m, x (m, — 4) matrices I'),£ =0,1,2
have components 6 as defined in (3.1) - (3.3).

Thus, the fourth-order spatial problem (3.6) can be solved in a variety of ways using
the Sinc-Galerkin method. For standard forward problems, the system (3.16) is often the
most convenient to formulate and solve. If the forward solver is part of a numerical routine
for solving the parameter recdvefy pgoblem, then (3.28) is more useful since EJ is replaced
by its finite dimensional approximation. Both approaches yield solutions u,,, which are

exponentially convergent approximations to the solution u of (3.6).

3.2. The Spatial Problem: Cantilever Boundary Conditions
A second set of fourth-order boundary conditions arise when modeling beams that are
fixed at one end and free at the other. To extend the Sinc-Galerkin method to problems

with these cantilever boundary conditions, consider the ODE
Lu(z) = (EI(z)u"(z))" = f(z), 0<z<1
u(0) = &, (EIu")(1) =7 (3.40)
u'(0) = B, (EIu")’(l) =3.

A Sinc-Galerkin method to approximate the solution of (3.40) can be developed as follows.

14




Define the set of basis functions {¢;}e¥s, _4 by

’

B_pya(z), i=—M, -4
B_m._s(z), i=-M,—3

B_m,_a(z), i=-M,—2

B_yua(z), i=-M, -1

G(2) =19 v(2)Si(z), -M,<i<N, (3.41)
By,u(z), i=N.+1

By.ja(z), i=N,+2

BN-+3(:B)) 1= N +3

| Broa(z), i=No+4.
Here Si(z) = §(1, hz) 0 ¢(z) and the basis weight v(z) is taken to be
v(z) = [z(1 — z)). (3.42)
The boundary basis functions are
B_pm,-1(z) = (1 — 2)*[20z® + 102? + 4z + 1],
B, 11(z) = 2*[20(1 — z)® + 10(1 — 2)* + 4(1 —z) + 1],
B_m,-a(z) = 2(1 — z)*[102? + 4z + 1],
By, 42(z) = —z*(1 — 2)[10(1 — =)* + 4(1 — 2) + 1],
B-p,-a(z) = oX(1 — 2)} [2:1: + %] ,
Brsa(e) = #4(1 o) 201 ~2) 4 5]
By, -(a) = 321 - o'

and

1
BN, 44(z) = —6334(1 —z)’.

15



A brief note concerning the choice of basis is in order at this point. First, since
ﬁ-{z)y[S(i,h,) od(z)], £=1,2,--, are undefined at z = 0 and z = 1, some basis modifi-
cations must be made when solving problems with nonzero boundary conditions (see also
the definition of ¥ in (3.23)). It is tempting to use fewer algebraic boundary basis functions
and the basis weight

v(z) = z(1 — z)?,

but in many problems this results in nonzero boundary terms when integrating by parts. By
using the basis weight v(z) = [z(1 —:'n)]3 and a full complement of algebraic terms, this pitfall
can be avoided. Furthermore, the basis {¢;} as defined in (3.41) can be used for problems
with free boundary conditions,rthﬁusproviding consistency to the method.

The approximate solution is then defined to be

Um,(T) = E“'C—M.—l(fﬂ)"‘_BC—A/I.—:(“J) + 5¢n, 43(2) + 8N, 14()

+u_m,-3C-Ma-3(Z) + t_Mo—al-M._a(2) + un. 11N 11(2)
| (3.43)
un, +2(n, +2(2)
Ne

+ Z u;i(z)

i=—-Mzx

where @, 8,7, and § are known and the coefficients {u;} are unknown. The quantities

L1 _
T=FEI1()!
and -
. 1 . EIQ) _
"= B’ T EIOF

are well-defined since EI(z) is assumed positive on [0,1]. Note that with the definition (3.41)
for the basis {(.'},ru,,._(:n) satisfies the boundary conditions; that is,

um(0) =&, (EIuf,)(1)=7
u, (0) =B, (Eluj,)(1)=3.

The m, + 4 unknown coeflicients in (343) are determined by orthogonalizing the residual

with respect to the set of sinc functions {Sp}:r__'f:,,__z. This Petrov-Galerkin approach is in
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contrast to those Galerkin methods in which the residual is orthognalized with respect to
the basis and is done to take advantage of the exponential accuracy of point evaluation in

the quadratures. This yields the discrete system
(Ltm, — £,5) = 0 (3.44)

forp=—-M,~-2,-.-,N;+2. The inner product (-,-) is that defined in (3.8) with the weight
in this case taken to be

w(z) = 1. (3.45)

The difference between the weight function in (3.45) and that given in (3.9) is due to the
presence of the basis weight v(z) in the definition of the basis {(;}. If the definition

No

‘uh(fb‘)= Z U.'Ci(-"’)

1=-M,

is made, then (3.41) and (3.44) can be combined to yield

(LB_M.-3, Sp)u—_M.-3 + (LB_pM,—4; Sp)u-m, -4 + (LBn, 11, Sp)un. 1

+(LBN,+2, Sp)una+a + (Lup, Sp) (3.46)
= (7, Sp)
forp=-M,—-2,---,N, +2 and
f(=) = f(z) = GLB_pm,-1(z) — BLB_m.-3(z) — FLBN,+3(z) — LBy, 14(=).

Integration by parts is applied to (Luy, Sp) thus yielding the integral

|| (@IEIE)(S, (= ole)) V' da (3.47)

(compare to (3.10)). The weight choice (3.45) is sufficient for guaranteeing that the boundary
term (3.11) vanishes with u replaced by uy. As in Section 3.1 there are two approaches here.
In the traditional approach EI(x) is differentiated directly and in the alternative approach
ET is simply replaced by the finite dimensional approximate EI,,,. The remaining inner

products in (3.46) are evaluated directly via Theorem 2.1.
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Proceeding with the first approach, as indicated by (3.12), the choice of weight w directly
affects the decay conditions dictated by (2.9) of Theorem 2.2. For the weight w(z) =1 the

condition

|EI(z)U(z)| < z*+3(1 — 2)P*3 (3.48)

guarantees sufficient decay so that the asymptotic errors resulting from the quadrature can
be balanced by choosing k. and N, as specified in (3.14) and (3.15). The term U(z) denotes
that part of the true solution which is approximated by us and is given by the formal change

of variables

U(z) = u(z)—aB_p,-1(z) — BB_m,_3(z) — 7By, +3(z) — 8Bn,44()
—u"(0)B_p,_a(z) — u"(0)B_p1,-4(2) (3.49)
—u(1) By 41(z) - w(1) By, 2(2).

The discrete system for (3.40) can then be formulated as follows. Let d@_pr, 3, @_M -4,
dn.+1, .42 and f denote the (m, + 4) x 1 vectors containing the product of - and
the approximations to the inner products (LB_m,-3,Sp), (LB_m,-4;5p); (LB_N,+1,Sp),

(LBN,+2,S;), and (F, Sp), respectively. Hence the p-th entries of the respective vectors are

w(zp)

(@), = (BIB}) () 50y

(= ~M,-3,-M;—4,N, +1,N; +2) and

w(z)
(De =T gy

Furthermore, let A, denote the (m, + 4) x m, matrlx whlch results from the expanslon of

the inner product (Lus, Sp). For ag(z),£ = 0,1,2,3,4 as defined in (3.18) - (3.22), the matrix

A, i8 given by
A, = —1 (S + —1 197D + —1 13D
m = 73 (va.4) R (va;) ] (va,)

+—h1—I(l)’D(va1) +10D(uac),

Here 10, = 0,1,2,3,4 are (m. + 4) X m, matrices whose pi-th entry is given by 6( ) from
(3.1) - (3.5), and v is defined in (3.42).
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The discrete system for the determination of the unknown coefficients {u;} is given by

-

A= f
where the (m, + 4) x (m, + 4) matrix A, is defined to be
‘ Az =[G M4 8 M3 Am i 8no41 ¢ BN, 12)- (3.50)
Here i is defined to be the (m, + 4) x 1 vector

i= [u’—M-—43 U_Me—3)U_Mg) " ") UNg) UN 41, uN-+2]T (351)

containing the unknowns.

It is noted that the matrices A, as defined in (3.17) and (3.50) differ only in the presence
of v in the diagonal multipliers and the addition of border vectors. Hence the method is easily
adapted when the boundary conditions are changed. Moreover, the exponential convergence
rate is maintained, thus preserving the accuracy of the method.

With parameter recover in mind, it is again worthwhile to use the alternative approach
to develop the discrete system which arises when EI(z) is replaced by the finite dimensional

term EI,,, as defined in (3.25). To simplify notation in the discussion which follows, let

Ne

El(z)= ). cvg(z)Sk(z)

k=—-M,
and
El(z) = c_Mmo1b_m.1(2z) + coMo-ab_m,-2(2) + cnp 110N, 11(2) + en.42bN, 42(T)

so that EI,,, = EI, + EI.. Note that EI, and EI. simply denote the sinc and algebraic
components of the approximate parameter.

Consider now the inner products found in the system (3.46). The expansion of (Lus, Sp)
proceeds exactly as before with EI(z) simply being replaced by EI, (z) in the integral
(3.47). In the boundary inner products, (LB, Sp),1 = ~Mz—4,.---,—M,—1andi= N, + 1,
-++,N; + 4, expansion and integration by parts yields

1
(LByS,) = { [ Eli(e)BI(c)(S,w)'(c)ds + Br
0

+f (ELB!Y(2)S,(c)w(z)ds.
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The weight w(z) = 1 (see (3.45)) is sufficient for guaranteeing that
Br = {(ELB})(S,w) — EILB(S;w) Hz)lo = 0.

The resulting integrals are evaluated via Theorem 2.2 or, when possible, Theorem 2.1.

For the weight w(z) =1, the decay condition is
EZ(@)U(2)] < 2*H(1 — 2+

where U and £ are defined in (3.49) and (3.27) (compare to (3.48)). Again, the asymptotic
errors are balanced by choosing h, and N, as specified in (3.14) and (3.15).

The matrix system corresponding to (3.40) may be formulated as follows. Let ®(%), ¥(8
and py(y be defined as they were in (3.31), (3.32), and (3.30), respectively (with £ =0,1,2
and j = 2,3,4). Note that in the definitions now, the index ranges are —M, <i < N,,
—M,—-2<p<N,+2, and — M, —;‘2 <k<N,+2,and the(m, +4) x 1 éoeﬁi@ient erecrt<r:rvr
is now & = [c_m,—_2y" ", N, +2]T- Hence 30), ) and Fy(y have the sizes (me + 4) X rﬁ_.,,
me X (Mg +74) and m. X 1, respectively. | 7

Furthermore, let $” denote the (m, +4) x m, matrix which is defined componentwise by

- _ 1 w)” m'
[2"]px = ¢'(:vk)(SP )( k)

andlet &= [c_p,, -+, cn,]T. Finally,fori = —-M,—4,...,~M,—landi= N.+1,-.., N.+4,
let d; denote the (m, +4) x 1 vectors

d; = @"D(vEBf')E +D (%(EICB.”)") f] .
Here 1 is simply the m, x 1 vector of ones.

With the unknown vector # given by (3.51), the discrete system can be written as 7

-

A= f
where
Az = [a_M._4 E a,_N._:; ; Am S &.N-+1 E aN.+2] (3.52)
and , : N ,
7 w I — - - F
f=D (j&f) l-a@ad_p,1 — HG—M.-z — Ydn43 — 68y,
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The (m, + 4) X m, submatrix A,, is given by
Am = [8DD(vfym) + 280 D(vhe) + 2 VD(vFa)].

It should be noted that the coefficient matrix A; in (3.52) differs from that arising in
the fixed boundary problem, (3.29), only in the presence of v in the diagonal multipliers and
the addition of border vectors. This makes the method easily adaptable when changing the
boundary conditions. Furthermore, the matrices ®(7), $” and ¥(9 can be expanded in terms
of fundamental matrices in a manner similar to that in (3.33) - (3.36), thus simplifying the
implementation of the method. Finally, the exponential convergence rate of the method is
maintained, thus preserving the method’s accuracy.

With the techniques from this section, the implementation of the Sinc-Galerkin method
for problems with free and simple boundary conditions can be accomplished in a manner that
is completely analogous to that used for cantilever boundary conditions. Further details and
examples of the Sinc-Galerkin inethod for problems with free and simple boundary conditions

can be found in [8].

3.8. The Temporal Problem
The last ODE to be considered is the initial value problem

Pu(t) = i(t) = f(t), 0<t<oo (3.53)

u(0) = #(0) = 0.
A Sinc-Galerkin method to approximate the solution of (3.53) can be developed in a manner
similar to that of the preceding boundary value problems. Define the set of basis functions
{S; };'L'-M, by
S;(t) = S(jy he) 0 T(2)

where T : Dy — Dg is given in (2.2). The approximate solution u,,,(t) is then defined by
N,
u,,.,(t) = Z u,-S;-'(t), my = Mg + N¢ + 1. (354)
J=—M.

The m, unknown coefficients {u;} in (3.54) are determined by orthogonalizing the residual
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with respect to the set of sinc functions {S; ;v;_ M, which leads to the analysis of

(£,53) = (Pu,53)

= (ﬁ) S;)

(3.55)

for g = —M,, -+, N;. The weighted inner product for (3.55) is defined to be
(F,G)= [~ F(t)G(tyw* (),
0

and the weight is taken to be
1
T(t

for reasons that are discussed in [4]. As before, integration by parts is used to transfer the

w(t) =

3]

differentiation of u onto S*w*. To guarantee that boundary terms vanish, it is assumed that

i MOV
B Iy~

The resulting integrals are then evaluated via the quadrature rules of Section 2. With respect
to (2.4), the condition
tr, te(0,1)

FONSTO E¥ S

t-%, tel,00)
guarantees the boundedness necessary to truncated the infinite quadrature rule. With v and

§ specified and M, chosen, the parameter selections

hy = _md_

M,
and
N, = H%M, + 1] (3.56)

balance the asymptotic errors in (2.5) to at least O(e'("""M'ﬂ ).
In many time-dependent PDE’s, it is reasonable to assume that the solution decays

exponentially at infinity; that is, the solution satisfies

VI < K

t', te(0,1)

e’ tel,o0)

22



or, more stringently,

lu(t)| < Ktvtie®. (3.57)

With this supposition, Lund [12] shows that the condition (3.56) can be replaced by

N, = l[—;—‘ln (%M,h,) + 1] . (3.58)

The selection N, in (3.58) significantly reduces the size of the discrete system with no loss
of accuracy.

The discrete system for (3.53) can then be formulated as follows. Let I (), ¢ = 0,2 denote
the m; X m, matrices whose gj-th entry is 6,(,;) from (3.1) and (3.3), and let D(n) again be
the diagonal matrix with entries n(t_as,), -+ -, n(tn,). With the usual definitions for # and f
and the identity

(FE)HEO) 1Y = -3,

the system for the determination of the unknown coefficients {u;} is given by

Al = D((T)5)f (3.59)
where
A= [%1(” - %1] D((T)3). (3.60)

Further details concerning the derivation of the system (3.59) can be found in [4].

Note that nonzero initial conditions can be handled in a manner analogous to that used
for nonzero boundary conditions in the previous discussion. Rational initial basis functions
are used to incorporate the initial behavior and this known contribution is then taken to the
right-hand side of the resulting discrete system (see [8]). All other analysis is identical to
that for the problem (3.53).

4 Time-Dependent Problems

This section details the Sinc-Galerkin method applied to fourth-order time-dependent PDE’s
with fixed and cantilever boundary conditions. Since the choice of basis, test functions, and

inner product are all straightforward extensions of those used to solve the ODE’s in Section 3,

23



the error analysis and system formulation follow directly from previously discussed results.
Once a discrete system has been formulated, various options exist for solving the associated
matrix equation. Two such algorithms are outlined and their relative merits for various

problems are discussed.

4.1. The Time-Dependent Problem: Fized Boundary Conditions

Consider the time-dependent problem

Lu(z,t) = %(m,t) + —62— (El(z)g_

ou
527 (@) =f(z,t), 0<z<l t>0

u(0,8) = u(1,t) =0, t>0

Ou Ou

Tu0t)=2%1.4) = 4.1
5o (0t) = ==(1,) =0, t>0 (4.1)

u(z,0) = %’tf(m,O) =0, 0<z<1.
Given the basis {5;;} where N

Sij(2,t) = Si(2)S}(t) = S(3, he) 0 $(2)S (5, he) 0 T(2),

the approximate solution is defined by way of the tensor product expansion
Ne N - ’
Umome(Z, 1) = Z Z u;;Sii(z,t), me=M,+ N, +1, m¢=M+ N, + 1.
i=—M, j=-M;
The m. - m; unknown coefficients {u;;} are determined by orthogonalizing the residual with
respect to the set of sinc functions {S,(m)S;(t)};',z:%:"'_’f,'x_. This yields the discrete Galerkin
system '

(Lttmym, — f,5pS;) =0

forp=—-M,;,---,N; and ¢ = —M,,---, N;. The inner product (-,-) is taken to be

F6)=[" | ' Fs, t)G(, tyu(z, t)dedt (4.2)

where _ ,
w(z,t) = w(z)w'(t) = (¢(=)H(T() L.

The quadrature rules and one-dimensional results from Sections 3.1 and 3.3 can be used to

determine théﬂriérsﬁrlﬁng matrix system.
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As before, equating asymptotic errors is fundamental to minimizing system gize

the decay conditions (3.13) or (3.26), and (3.57) are combined to yield
|EI(z)u(z, t)] < Ko*ti(1 — z)fthir+de

or

IEZ(2)u(z, t)] < Kz=t(1 — o)ftertie®,

h,=‘/—ﬁ-,
aM,

then the choices

and

] .
Ng = ﬂﬁ:lﬂa (%Mghg) + 1]

for the stepsizes and summation limits balance the asymptotic errors. If one takes d

then the above choices yield an asymptotic error rate of order O(e™™V oM/ ).

Given M, N, M,, N, and h = h, = h, as defined above, the discrete system»for
AUCT + CLUAT =G.
Here
w*
o= (%),
C.=D (%) )
and

The m,; x m; matrix A, is given by

A= [%1") - %1] D ((T)})
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as shown in (3.60). Furthermore, m, x m, matrices U and F are defined componentwise by
[U)ij = w;

and

[Fli = f(zi, ;).
It should be noted that the ordering of the coefficients u;; in U mimics that used in most
standard time-differencing schemes. This is a matter of convenience since the Sinc-Galerkin
method is not bound by any specific ordering of the grid.

The structure of the m, x m, matrix A, depends on the scheme that is used to discretize
EI(z). If the parameter is fully differéntiated, then A; is given by (3.17). If, on the other
‘hand, EI(z) is approximated by a linear combination of sinc and algebraic basis functions,
then A; is given by (3.29).

Various methods exist for solving the equation (4.10). Referred to as a generalized

Sylvester equa.tién (410) is algebraically equivalent (page 414 of [15]) to the system

AT = {0 ® Az + A ® Cc} co(U) = co(G) (4.14)

where the tensor or Kronecker product of an m x m matrix E with a p X ¢ matrix H is
defined by 7
.E ® H = [e.'jH]mpan.

The vector i = co(_.U ) is the concatenation of the m, X m, matrix U obtained by successively
“stacking” the columnns of U, one upon another, to obtain an m.m, x 1 vector.

The system (4.14) can be solved directly via any of the decomposition methods that are
available for linear systems. Although this system is easily formulated, the fact that A is
very large (m, - my X m, - m,) and not brarrxidred_ causes this method to be impractical in some
problems. For more general fourth-order operators however, this may be the only method of
choice.

A second algorithm for solving (4.10) depends on the generalized Schur decomposition

(page 396 of [16]). As guaranteed by the results of Moler and Stewart [17], there exist unitary
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matrices @y, Zy, @2, and Z; such that

Q1A.2, = P
Q:C.%, = R
Q3Ci2, = S
Q34 Z, =T

where P,R, S, and T are upper triangular. If Y = Z;UZ; and C = Q1GQa, then (4.10)
transforms to

PYT* + RYS* =C.

By comparing the k-th columns, one finds that

PY tiy; + RY skiy; =

=k =k
which yields
(P +sR)ye=cx — P Y. tsyi— R D ski¥; (4.15)
=kt i=k+1

(for convenience, it is assumed that all matrices are n X n and indexed from 1 to n). With
the assumption that the matrix (¢ P + ski R) is nonsingular, the solution to (4.15) is easily
found by recursively solving triangular systems.

Although this algorithm does require complex algebra, it is both robust and efficient
and requires no assumptions concerning the diagonalizability of the component matrices.
It should be noted that a “real” version of this algorithm also exists [18]. In this latter
algorithm, @y, Z;,@,, and Z; are orthogonal with P,S quasi-upper triangular and R,T

upper triangular.
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4.2. The Time-Dependent Problem: Cantilever Boundary Conditions
A generalization of the problem which arises when modeling beams with cantilever bound-

ary conditions is

2 2 2
Lu(z,t) = %g(m,t) + ;:c—’ (El(m)gﬁ-(m,t)) = f(z,t), 0<z<1

u(0, 1) = &(t), (EI—) (L,)=7(), t>0

. (4.16)
500 =0, o (BI73) L)=30),

u(z,O):%%(m,O):O, 0<z<1l

The basis for this problem is taken to be {(;(z)S}(t)} where (;(z) is defined in (3.41) and
S:(t) = S(j, he) o T(t). Here the approximate solution is taken to be

Umame(2,1) = Z Z uii() S5 (t)

c——M J=-M;

+ __ZM i () {u-mo-3,5¢-M.-3(2) + v, -4()

+un+1,5¢{Ne+1(2) + uN, 12,5V, +2(2)}
HEC--1(2) + B pr,-a(2) + 7)o 13(2) + 5(E)Cwasa(2)}
where
3(t) = Eﬁv(t)

and
EI’(l)
F(t
S0 - [
It should be noted that the approximate solution does satisfy the boundary conditions in
(4.16).
The (m, +4) - m, unknowns {u;;} are determined by orthogonalizing the residual with

respect to the sinc functions {Sp(z)S ‘(t)}pf{_‘jw.'m' .No+2- This yields the discrete system

(t) =

' -M; -2<p< N:+2
(‘Curn.m -1 S,,S;) = .
-M; <q¢< N,
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where (-,-) is defined in (4.2) with w(z,t) = (T(t)}.
Appropriate integration by parts and the application of the one-dimensional results from

Sections 3.2 and 3.3 yields the matrix equation
AUCT + C:MUA] =G (4.17)
where C;,C, and A, are defined in (4.11), (4.12), and (4.13) respectively, and
w w*
G=p(%)FD (-‘—) .
()7

The (m, + 4) x m; matrices U and F are defined componentwise by
[U)is = wij
and
[Fli; = (=i, %)

where

Hed) = f(ot) - LEEB-ar(2)) - LBOB-pa,2(2))

—~L(3(t)Br,+3(2)) — £(8(t)Br.+4(2))-
The (mg + 4) x (Mg + 4) matrix A, is given by (3.50) or (3.52) depending on which scheme
is used to discretize EI. Finally the (m, + 4) x (mg + 4) matrix M has the form

Codod ]
T

M= bLg':bLl:'DM:le:bRﬂ
oy 10

where the m; X m, submatrix Dy and the (ms + 4) x 1 vectors are given by
DM = D(‘U),
i’m = D(B—M.—d)f)
by = D(B_m.-a)l,
bp1 = D(Bw, 1)1
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and

8}32 = D(BN-+2)T.

The system (4.17) can again be solved via the generalized Schur algorithm (4.15) as discussed
in Section 4.1.
Before implementing the method, the decay parameters §, 3,y and 6 must be determined

and summation limits chosen. For the spatial weight w(z) = 1, the decay conditions are
|EI(z)U(z,t)] < 2>13(1 — g)P+3r+hett (4.18)
or
|ET(2)U(z,t)| < 2°3(1 — z)PH3pr+ieot (4.19)

depending on the manner in which EJ was discretized. Here £Z(z) is defined in (3.27) and
U(z,t) denotes that part of the true solution which is approximated by

un(z, ) = '_{V; '_g_';M wisi(2)S3(1)

(see also (3.49)). With the decay parameters specified and M, chosen, the remaining stepsizes

and summation limits are given by (4.5) - (4.9).

5 Numerical Examples

The four examples reported in this section were selected from a large collection of problems
to which the Sinc-Galerkin method was applied. The rersults are representative of those
obtained on other sample problems. For purposes of comparison, Cont'rast, and performance
evaluation, examples with known solutions were chosen. The first and last examples have
analytic solutions, the second example has an algebraic singularity, and the third example
contains a logarithmic singularity. As will be demonstrated by the numerical results, the

boundary singularities have no adverse affect on the performance of the method.
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In all examples d = §. The errors are reported on both the set of sinc gridpoints

eih.

j=— Mz, Nt , h
5= {(:B.',tj) z—_-_M:,...,N:, T; = m, t; =e™

and the set of uniform gridpoints (l, = by = %)

U={(23)} o150 2 =Le’, 39=1La.

The errors on these grids are reported as

| Es™ (hay he)l| = _hax . u(z:, ;) — tmyme(2i) E5)
-MZi<N;

and

”ng'(l,,,l,)” = or<r}:aé)§o Iu(z,,, 84) — Upngme(2ps 341,
0<¢<50

respectively. The dependence of both errors on the number of sinc basis functions is indicated

with the superscript M,. It is noted that if exponential convergence is realized, then
(1EG*(e) £))VH/M* 2 || By (L, &)

where M, and M, denote the lower limits for the spatial sums. In the examples of this section,
M, = 2M,, and the exponential convergence is verified by comparing (||EU. -/ 2(£2,£)]))V? and
1Bt )]

The error and convergence results are tabulated in the form .aaa — y which represents

.aaa x 1077, All problems were run with sixteen place accuracy on a Vax 8550.

Fzample 5.1.

2 2 2
%t_?(“”t) + '56;; (El(m)gm—t(m,t)) =f(z,t), 0<z<l t>0
u(O,t) = u(l:t) =0, t> 0
ou Ou
é—m(OJ) =7-(L,t)=0, t>0

u(z,0) = %:—(m,()) =0, 0<z<1

The flexural rigidity is EI(z) = 1 + sin{(rz) and f(z,t) is consistent with the true solution
u(z,t) = z(1 — z)sin(4nrz)t’e*t. The parameter is expanded via (3.25) thus yielding the
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spatial representation (3.29). The decay condition (4.4) dictates the parameter choices o =
B =~ = 2 and § = 1. The asymptotic error rate O(e"\/m) is maintained as indicated
by the last column of Table 1. Notice that the choice of Ny given in (4.9) significantly
reduces the size of the matrices involved in (4.10). The errors on both the sinc grid and
the uniform grid do not differ dramatically though in the next example the difference will
be more noticeable. Figure 3 shows the true solution u(z,t) while Figure 4 shows both the
true and approximate solutions (for M, = 8,16) at the time slice ¢ = 2. The approximate

gsolution for M, = 32 is buried in the true solution on this scale.

M. N My Ne |B§(ha Ol IES=( 80 (IBY-"(te, )1

4 4 4 2 .6207 -0 .8040 — 0
8 8 8 4 .6890 — 1 .8448 — 1 7345 -0
16 16 16 6 2910 -3 1105 — 2 3035 -1

32 32 32 9 1906 — 4 2151 - 4 6587 — 4

Table 1. Errors on the Sinc Grid S and the Uniform Grid U for Example 5.1.
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u(r,1)

Figure 3. True Solution to Example 5.1.

0.15 1 T v ' v v v ~

0.1

005

Solution
o

-0.05+

0.1

T

0.1 02 03 04 0s 0.6 0.7 08 09 |

_0‘5 1 1 1
0

x-axis

Figure 4. True and Approximate Solutions to Example 5.1 at Time t = 2
---(M.=8), ---(M,=16), —— (True).
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FEzample 5.2.
8u du

u(0,t) =u(1,t) =0, t>0
Ou Ou
%(Ort)z —6;(1,15):0, t>0

u(z,0) = %E(m,ﬂ) =0, 0<z<1

The function f(z,t) is consistent with the solution u(z,t) = [z(1 — 2)]"/?t*/%¢~* which has
algebraic singularities at z = 0, £ = 1 and ¢t = 0. The spatial discretization is taken to be
(3.17) with the decay parameter’sra =f=x - 2,6 =1 dic'g;tg:d by (4.3). As indicated by
Table 2, the asymptotic error rate O(e"‘/m) is achiéved in si)ite of the boundary singu-
larities. The increased accuracy of the method for this problem as compared to Example
5.1 is due to the larger values of o, and . Here the error on the sinc grid is substantially
smaller than that on the uniform grid. This emphasizesr that one should use caution when
assessing performance of a method based on only the errors at the gridpoints of the method.
The true solution is plotted in Figure 5 while time slices (a.ttlme t=2) of both the true

and approximate solutions (for M, = 4,8) are plotted in Figure 6.

M. N. My No |[BY(ha,m)l|l ES=(L, )] (1B0 (6, )7

4 4 4 3 2040-4 3184 — 3 -
8 8 8 4  9361-5 3618 — 4 1134 — 4
16 16 16 7  .13712-6 1788 — 5 5233 — 6
32 32 32 11 17429 1338 — 7 7441 -8

Table 2. Errors on the Sinc Grid S and the Uniform Grid U for Example 5.2.
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] u(r,t)
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Figure 5. True Solution to Example 5.2.

x103

Soludon

0 0.1 0.2 03 04 0.5 0.6 0.7 08 0.9

x-axit

Figure 6. True and Approximate Solutions to Example 5.2 at Time ¢ = 2
———(M,=4), -~ (M, =8), — (True).
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Ezample 5.5.

2
%ﬁ(m,t) gﬁ:(m t)=f(z,t), 0<z<l t>0
a —
u(0,t) = 0, 5;3(1,1‘-) =27, t>0
u Pu

u(z, O) = %(3,0) =0, 0<z<Z1.

The true solution u(:t: i) = [(mln(a:))‘ + m’]t’ = dlctates the forcmg function f(z,t). The
decay condition (4. 18) “with EI(:z:) =1 ylelds the pa,ra.meter choices a = B8 = 1,7 = 3,
and 6 = 1 which in turn implies the asymptotic error rate O(e”'\/m) As indicated by
the results in Table 3 this rate is achleved in spite of the loganthmlc singularity at ¢ = 0.
The convergence of the method is even accelerated which can be seen by in the last column
of Table 3. Tl}e mesh plot m’Flgure 7 shows the distinctive behavior that the solution can
7 exhri'birt w'hen cantilever boundary conditions are in force. The “oscillation” at the right-hand
end is tracked accurately by this rﬁethod. The time slice at t = 2 shown in Figure 8 shows

the approximate (M, = 4,8,16) as well as the true solution.

Mo N M N [BYe(h B 1B, &) (nEu"’(ez,et)u)f

4 43 2 a2r—1 9083—1

8 8 6 3 .8034-2  .1999—1 3363 - 1
16 16 11 4 8199-3 18382 3953 — 2
2 32 227 39474 | 87414 1353 -2

Table 3. Ertorar on the Sinc Grid § and the Uniform rGrid U for Example 5.3.
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n(r,1)

Figure 7. True Solution to Example 5.3.
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0.2}

d

0.1}
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x-axiy

Figure 8. True and Approximate Solutions to Example 5.3 at Time ¢ = 2
== (M, =14), - - (M, =8), - (M, =16), —— (True).
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Ezample 5.4.

0*u g? f%u
8*u
%(O,t)-—te y Eg(EI%‘;)(l,t)—Sﬂ'te ’ t>0

u(z,0) = %;f(:n,O) = OT OSm <L
This example illustrates a problem where the spatial discretization (3.52) is useful. Hére
the flexural rigidity is EI(z) = 1 + sin(7z) and the forcing function f(z,t) is consistent
with the true solution u(z,t) = [sin’(nz) + z]t?e~*. The parameter EI(z) is expanded via
(3.25) thus yielding the spatial representation (3.52). The parameter choices a = 8 = 1,
¥ = % and § = 1 follow from (4.19). As demonstrated by the last column of Table 4, the
asymptotic error rate O(e"\/m) is achieved for larger values of M,, N, M;, and N,. On
this example the errors on the sinc grid and those on the uniform grld are nearly the same.
The smaller parameters « and 3 indicate why the errors here are larger than in the previous
three examples. A mesh plot of the true solution is shown in Figure 9 while a time slice

(t = 2) of both the true and approximate solutions (M, = 8,16) are plotted in Figure 10.

M. N. M. N [B¥+(ha bl B (8 I (1B (8, 0]

8 8 6 3  .6889—1 6958 — 1 -
16 16 11 4 20581 3165 — 1 2307 — 1
32 32 922 7 4346-3 4885 — 3 7579 — 2

Table 4. Errors on the Sinc Grid S and the Uniform Grid U for Example 5.4.
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u(x, 1)

Figure 9. True Solution to Example 5.4.
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x-axis

Figure 10. True and Approximate Solutions to Example 5.4 at Time t = 2
--=-(M; =8, )---(M,=16), —— (True).
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6 Conclusions

A fully Sinc-Galerkin method in both space and time is presented for fourth-order time-
dependent problems with fixed and cantilever boundary conditions. The sinc basis properties
which facilitate the simple assembly of the discrete system are discussed in Section 2. In
Section 3, the sinc discretizations for the second-order temporal problem and the fourth-order
spatial problems are presented. Alternate formulations for the variable parameter fourth-
order problems are given which prb;ébgt; ﬂge‘z";srpe(;:iar,lxly ﬁééf\;l when applying the forward
techniques of this paper to parameter recovery présléms. The ODE resuits are then combined
in Section 4 to form the discrete systems corresponding to the time-dependent problems of
interest. Computational issues are discussed and a robust and efficient algorithm for solving
the resulting matrix sysfem is outlined.lerxmerriizr:al examples which highlight the method are
given in Section 5. As demonstrated by; the numerical results, the exponential convergence

rate of the method is maintained for problems with both analytic and singular solutions as

well as fixed and cantilever boundary conditions.
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